INTRODUCTION
Transglutaminases (TGs) are a family of enzymes whose core function is to catalyse an acyl transfer reaction between peptidebound glutamine residues and primary amines. When the primary amine comes from peptide-bound lysine, this can result in the formation of protein multimers cross-linked via ε(γ-glutamyl)-lysine bridges. In mammals, eight isoenzymes have been identified at the present time, of which six have been well characterized at the protein level [1] . Examples include the plasma TG (Factor XIII) involved in clot formation, and the keratinocyte enzyme (TG1) and the epidermal enzyme (TG3) involved in the terminal differentiation of keratinocytes in the epidermis.
One form of the TG family, tissue TG (tTG, TG type II), is distributed ubiquitously throughout the body. This enzyme has been ascribed many functions as a result of its ability to crosslink a variety of intracellular and extracellular proteins in a Ca# + -dependent manner, leading to effects on cell adhesion, spreading and stability of extracellular-matrix tissues [2] . Expression of tTG is found to be up-regulated in many instances of programmed cell death [3] . tTG is also a GTP-binding protein [4, 5] , and it is through the inhibitory effects of GTP and GDP on its Ca# + -mediated cross-linking ability that the activity of the enzyme is tightly controlled within the intracellular environment [6] . Further control of enzyme activity is also thought to be induced by nitrosylation of its active-site cysteine residue [7] .
The existence of such tight controls on tTG activation indicates that the cross-linking function of the enzyme may be important Abbreviations used : BTC, biotin cadaverine [N-(5-aminopentyl)biotinamide] ; DAB, 3,3h-diaminobenzidine ; DTT, dithiothreitol ; ECM, extracellular matrix ; TG, transglutaminase ; tTG, tissue TG ; TUNEL, terminal transferase deoxytidyl uridine end labelling. 1 Present address : Division of Agricultural Sciences, University of Nottingham, Sutton Bonington Campus, Loughborough, Leicestershire, LE12 5RD, U.K. 2 To whom correspondence should be addressed (e-mail martin.griffin!ntu.ac.uk).
primary amines as an indicator of tTG activity within these ' wounded cells ', we demonstrate that tTG modifies a wide range of proteins that are present in both the perinuclear and intranuclear spaces. The demonstration of entrapped DNA within these shell structures, which showed limited fragmentation, provides evidence that the high degree of transglutaminase crosslinking results in the prevention of DNA release, which may serve to dampen any subsequent inflammatory response. Comparable observations were shown when monolayers of cells were mechanically wounded by scratching. In this second model of cell wounding, redistribution of tTG activity to the extracellular matrix was also demonstrated, an effect which may serve to stabilize tissues post-trauma, and thus contribute to the maintenance of tissue integrity.
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in specific cellular functions ; however, it is evident that the ideal conditions for activity of the enzyme occur in the extracellular space, where the Ca# + concentration is high and nucleotide levels are low. Although there is evidence for a gradual externalization of the enzyme into the extracellular space via non-classical secretory pathways, there is evidence of wider-scale activity in the form of an up-regulation of tTG expression or an increase in ε(γ-glutamyl)lysine cross-links following tissue insult. Examples include tissue injury following kidney damage, leading to end-stage renal failure [8] , viral infection of lymphocytes [9] , liver fibrosis [10] and in neurodegenerative diseases associated with highly cross-linked polymeric aggregates such as Alzheimer's [11] and Huntington's [12] diseases. The aim of the present paper is to explore the role of tTG in the maintenance of cell integrity following rapid loss of Ca# + homoeostasis. We have used two cell types, one in which the expression of tTG is constitutively high, but has been lowered by the use of antisense silencing [13] , and the other in which we can regulate tTG expression using transfected cells where tTG expression is under the control of the tet regulatory system [14] . Following loss of Ca# + homoeostasis, we describe the rapid formation of tTG-mediated SDS-insoluble cell-like structures or ' shells ', which may represent cell-sized scars, and which occur through the Ca# + -induced intracellular cross-linking activity of tTG. These shells predominantly occur in cells that express high quantities of the tTG enzyme when homoeostasis is lost. These stabilizing structures may be equivalent to the cornified envelope of terminally differentiated keratinocytes, and may function in response to necrosis-like cell death or secondary necrosis arising from large-scale tissue damage.
MATERIALS AND METHODS

Cell culture
ECV 304 cells and the same cells transfected with a 1.1 kb antisense cDNA vector to tTG (B7 clone) were used. The B7 clone contains around 25 % of the tTG activity present in the wild type cells [13] . Cells were maintained in selection medium (Dulbecco's modified Eagle's medium) containing 10 % (v\v) heat-inactivated foetal calf serum and 800 units\ml G418 sulphate (Geneticin ; Amersham Life Sciences, Little Chalfont, Bucks, U.K.).
Cells from the Swiss 3T3 cell line (TG3) stably transfected with tTG under the control of a tetracycline-regulated inducible promoter were cultured as previously described in [14] in selection medium containing 10 % (v\v) heat-inactivated foetal calf serum. To induce tTG expression, exponentially growing cells were cultured in the absence of tetracycline for a minimum of 48 h, to give rise to a 8-10-fold increase in transamidating activity [14] . Parallel control cultures were grown under similar conditions, but with tetracycline in the medium. During the period of induction, culture medium was changed every 48 h.
Electropermeabilization of cells
Cells were electropermeabilized as previously described by Smethurst and Griffin [15] . Briefly, batches of up to 10( cells were suspended in ice-cold poration buffer (7 mM MgSO % , 140 mM potassium glutamate, 1 mM EGTA, 0.5 mg\ml BSA and 10 nM Ca# + ) and washed three times in this buffer by centrifugation at 3000 g for 30 s at room temperature (20 mC) and resuspension. They were then exposed to five pulses (0.1-0.2 ms each) of an electric field of 4.0 kV\cm from a capacitance of 3 µF in a 0.4 cm-wide cuvette using a Gene-Pulser apparatus (Bio-Rad, Hemel Hempstead, U.K.).
Following electropermeabilization, the cells were washed once more in poration buffer and then placed into microfuge tubes in batches of 2i10' cells, unless otherwise stated. The cells were pelleted as above and placed on ice.
To start the pre-incubation, the supernatant was replaced with buffer (50-100 µl) and transferred to a water bath at 37 mC, together with the addition of CaCl # or water and\or other inhibitors to give the final concentrations stated. Reactions were halted by the addition of stop solution (500 µl of PBS containing 100 µM iodoacetamide) and mixing thoroughly. Ca# + concentrations were calculated by the method described by Yaseen et al. [16] , and then checked by direct electrode measurement as described by Baudet et al. [17] .
Isolation of SDS-impermeable shells
Following electropermeabilization, 50 µl of lysis solution [10 % (w\v) SDS, 10 mM dithiothreitol (DTT)] was added to the stop solution and the cell suspension was heated to 100 mC in a boiling water bath. The solution was allowed to cool, and then SDSinsoluble material was examined using phase-contrast light microscopy. SDS-insoluble shells were quantified using a haemocytometer, and the quantity of shells was expressed as the percentage of the initial number of electropermeabilized cells. Each experiment was performed in triplicate.
For examination by scanning electron microscopy, SDSinsoluble shells were isolated as stated above and were allowed to settle to the bottom of an Eppendorf tube. The supernatant was gently removed and the shells were rinsed three times in distilled water with a gentle resuspension each time. Finally, the shells were diluted in water to a concentration of 1i10'\ml and a single drop was air dried on to Number 0 glass coverslips. The coverslips were then sputter coated twice with gold, earthed with graphite onto stubs and examined using a Jeol 820I scanning electron microscope.
Detection of biotin cadaverine [BTC; N-(5-aminopentyl)biotinamide] incorporation into proteins in electropermeabilized cells
Following electropermeabilization and subsequent incubation in buffer containing either 10 nM or 1 mM Ca# + , and 0.125 mM BTC (Molecular Probes, Eugene, OR, U.S.A.), cells were resuspended directly into SDS\PAGE sample buffer [125 mM Tris\ HCl, 20 % (v\v) glycerol, 4 % (w\v) SDS, 2 % (v\v) 2-mercaptoethanol and 10 mg\ml Bromophenol Blue], sonicated for 10 s to disrupt the proteins, heated to 100 mC for 5 min and then fractionated on 10 % (w\v) resolving, 2.5 % (w\v) stacking polyacrylamide gels (Mini-PROTEAN II, Bio-Rad). Proteins were then transferred on to nitrocellulose membrane using an LKB semi-dry electroblotter in Towbin transfer buffer. The membrane was incubated for 1 h in 15 ml of a solution containing 5 % (w\v) BSA and 0.05 % (v\v) Tween 20 in PBS with agitation. Incorporated BTC was then detected by the addition of 15 ml of a 1 : 5000 dilution of extravidin-peroxidase in blocking solution with agitation at room temperature for 2 h. The membrane was rinsed five times with PBS\Tween 20 with agitation, once with distilled water, and peroxidase was detected using the enhanced chemiluminescence assay (Amersham Life Sciences). Signal was captured on Kodak X-Omat film (Sigma, Poole, Dorset, U.K.).
Western blot detection of tTG in transfected clones
Cell lysates (30 µg in SDS\PAGE sample buffer) of ECV 304 and Swiss 3T3 clones (induced\non-induced) were fractionated on 10 % (w\v) resolving, 2.5 % (w\v) stacking polyacrylamide minigels (Mini-PROTEAN II, Bio-Rad) and transferred on to nitrocellulose membrane, as previously described in [13, 14] . Membranes were blocked for 1 h in 5 % (w\v) non-fat dried milk in PBS\Tween 20 blocking solution. This solution was then replaced with 15 ml of blocking solution containing a 1 : 4000 dilution of polyclonal goat anti-(guinea-pig liver TG) antibody (Goat 202, a gift from Dr P. J. A. Davies) and incubated for 2 h at room temperature. Primary antibody was detected using an horseradish-peroxidase-conjugated rabbit anti-goat secondary antibody and developed using the enhanced chemiluminescence assay.
Detection of apoptotic cells
Cells in suspension were air-dried on to glass slides and apoptotic cells were detected using the Apoptag2 fluorescein staining kit (Oncor Inc., Gaithersburg, MD, U.S.A.). Basically, the cells were fixed on glass slides with 4 % (w\v) paraformaldehyde and then treated with 20 µg\ml proteinase K in PBS for 10 min before incubation in a buffer containing the terminal transferase with digoxigenin-labelled dUTP for TUNEL (terminal transferase deoxytidyl uridine end labelling). Cells were counterstained with 5 µg\ml (w\v) propidium iodide in PBS for 15 min and mounted in anti-fade mountant (Vectorshield, Vector Labs, Burlingame, CA, U.S.A.). Binding of an FITC-labelled antidigoxigenin antibody to detect apoptotic cells was examined on a Zeiss-Axioskop fluorescence\UV microscope with appropriate filters, and the number of apoptotic cells was expressed as a Effects of tissue transglutaminase during necrosis
Figure 1 Incorporation of BTC into homogenates of electropermeabilized ECV 304 cells
Wild-type ECV 304 cells were electropermeabilized and then incubated in potassium glutamate buffer in the presence of 0.125 mM BTC and varying concentrations of Ca 2 + (10 nM, 100 µM and 1 mM) for 60 min. The labelled cells were then harvested and proteins were fractionated on 10 % (w/v) SDS/polyacrylamide gels before electroblotting on to nitrocellulose membrane. Incorporated biotin label was detected using extravidin-peroxidase and enhanced chemiluminescence was detected as described in the Materials and methods section. TSG and TRG indicate the tops of the stacking gel and the resolving gel respectively. MM, molecular mass.
percentage of the total number of cells in three separate fields on each slide (minimum 80 cells\field).
Immunofluorescent staining of intracellular proteins in SDSinsoluble shells
SDS-insoluble shells were generated by electroporation of ECV 304 cells as described above. Shells were immobilized on glass slides and air-dried before fixation in 4 % (w\v) paraformaldehyde in PBS for 30 min. The shells were then incubated in 100 µl of blocking buffer [3 % (w\v) BSA in PBS] for 30 min at room temperature. The blocking solution was then discarded and replaced with primary antibodies [monoclonal anti-vinculin (V4505), anti-actin (A4700), anti-tubulin (T9028) and antifibronectin (F3648), purchased from Sigma], diluted 1 : 100 in blocking solution. The slides were incubated for 1 h at room temperature (20 mC) and then rinsed in PBS three times before the addition of FITC-conjugated goat anti-mouse antibodies for 30 min at room temperature. The slides were then washed with PBS three times before counterstaining with propidium iodide and mounting in Vectorshield anti-fade mountant. Slides were examined using a fluorescence microscope as described above.
Quantification of DNA from lysis solution
Cells were electropermeabilized as described above in buffer containing 10 nM or 2 mM Ca# + at a concentration of 4i10' cells\ml. The cells were resuspended in 600 µl of PBS and split into two tubes. One tube was processed for the quantification of SDS-insoluble shells as described above. The cells in the other tube were lysed in 50 µl of lysis solution [10 % (w\v) SDS in distilled water] and incubated with 1 unit of proteinase K overnight at 37 mC. Saturated NaCl solution (100 µl) was added and the tube was inverted gently for 30 s. The solution was centrifuged in a microfuge at 3000 g for 10 min at 4 mC, and 2 vol. of ice-cold ethanol were added to the supernatant. This solution was incubated at k20 mC overnight and then centrifuged at 13 000 g for 15 min at 4 mC to pellet the DNA. The pellet was resuspended in 70 % (v\v) ethanol and centrifuged again at 13 000 g for 15 min at 4 mC to collect the DNA. The supernatant was again discarded and the DNA was resuspended in 100 µl of TE buffer (50 mM Tris\HCl, pH 7.4, and 10 mM EDTA) for 2 h at room temperature. The DNA in solution was quantified by using UV absorbance at 260\280 nm. The experiment was repeated three times.
Quantification of ε(γ-glutamyl)lysine from SDS-insoluble shells
The quantification of ε(γ-glutamyl)lysine in SDS-insoluble shells was performed according to previously published methods [18] . SDS-insoluble shells were derived from ECV 304 cells by electropermeabilization in buffer containing 2 mM Ca# + for 180 min. The shells were washed in distilled water by repeated centrifugation at 3000 g for 30 s at room temperature and resuspension three times before a final resuspension of the shells in 100 µl of (NH % ) # CO $ buffer at final concentrations of 1i10', 3i10' and 5i10' cells\tube. The shells were then extensively proteolysed using subtilisin (0.05 mg\tube), Pronase (0.15 mg\ tube), prolidase (0.08 mg\tube) and leucine aminopeptidase (4 units\tube), and carboxypeptidase Y (0.1 mg\tube). Control samples contained proteases alone.
Separation of the dipeptide was achieved using an LKB 4151 Alpha-Plus amino acid analyser (Pharmacia) with a 46 mmi 150 mm Ultrapac 8 ion exchange column (lithium form\particle size 8p0.5 µm) using a constant temperature of 25 mC and a stepwise gradient of increasing molarity with changing pH of lithium citrate buffers as described in [18] . The program of elution involved 9 min of 0.2 M lithium citrate buffer (pH 2.8), 23 min of 0.3 M lithium citrate buffer (pH 3.0) and 63.5 min of 0.6 M lithium citrate buffer (pH 2.6) at a flow rate of 25 ml\h. Detection of the dipeptide, which was eluted at approx. 88 min, was achieved using post-column derivatization with σ-phthalaldehyde\2-mercaptoethanol at a flow rate of 20 ml\h, which was analysed in a fluorescent detector (LS1, PerkinElmer Corp.) with wavelengths of 340 nm (excitation) and 450 nm (emission). Data acquisition was by means of an interface box (900 series ; Nelson Analytical, PerkinElmer). Chromatograms were compared and analysed using Model 2600 version 5 software (Nelson Analytical). Some samples were ' spiked ' with known quantities of commercially obtained ε(γ-glutamyl)lysine (Sigma).
Detection of fluorescein-cadaverine incorporation into electropermeabilized cells by fluorescence microscopy
Electropermeabilized cells were incubated in the presence of varying concentrations of Ca# + (10 nM-2 mM) in potassium glutamate buffer containing 0.5 mM fluorescein-cadaverine (Molecular Probes) for the desired duration. The reaction was then stopped by the addition of 500 µl of PBS containing 100 µM iodoacetamide. The cells were then centrifuged at 2000 g for 2 min and the pellet was resuspended in 500 µl of PBS containing 25 ng\ml propidium iodide. After 2 min, the cells were washed twice in PBS by centrifugation at 3000 g for 2 min at room temperature and resuspension, and finally suspended in 500 µl of PBS buffer. A drop of each sample was then air-dried on glass slides and mounted in Vectashield anti-fade mountant prior to observation using a Leica TCSNT confocal microscope with appropriate filters for FITC.
Cell wounding
Confluent monolayers of transfected Swiss 3T3 cells (clone TG3) or wild-type ECV 304 cells were cultured in eight-well Permanox chamber slides (7i10& cells\well). The medium was then replaced with fresh medium containing either 0.5 mM fluoresceincadaverine or 0.125 mM BTC and incubated for 1 h in at 37 mC and 5 % CO # . A wound was then introduced into the monolayer using a sterile plastic pipette tip and the cells were incubated for up to 1 h. The cells were then rinsed gently with PBS three times for 1 min and fixed in methanol at k20 mC for 10 min. To detect BTC incorporation, monolayers were incubated in blocking solution [3 % (w\v) BSA in PBS] for 1 h, followed by incubation in streptavidin-FITC, diluted 1 : 100 in blocking solution, for 2 h
Figure 2 Morphology of SDS-insoluble shells
SDS-insoluble shells were derived from electropermeabilized wild-type ECV 304 cells (1 mM Ca 2 + for 60 min) as described in the Materials and methods section, and were then examined by (a) phase microscopy, (b) scanning electron microscopy and (c) fluorescence microscopy following staining with propidium iodide. The scale bar represents 10 µm in each panel.
and then washed three times for 5 min with PBS. Nuclei were counterstained with 10 µg\ml propidium iodide in PBS for 10 min. The slide was mounted in Vectorshield anti-fade mountant and viewed in 0.1 µm stepwise sections using a Leica TCSNT confocal microscope with appropriate filters for FITC and propidium iodide.
To detect incorporation using DAB (3,3h-diaminobenzidine) stain, streptavidin-peroxidase was used instead of streptavidin-FITC. Monolayers were incubated with Sigma Fast DAB according to the manufacturer's instructions and examined using light microscopy.
Statistical analysis
Statistical analysis of data was performed by Student's t test.
Only P values 0.05 were considered to be significant.
RESULTS
BTC incorporation into cellular proteins
Electropermeabilization of wild-type ECV 304 cells, which constitutively contain high levels of intracellular tTG, in medium containing 10 nm, 100 µM and 1 mM Ca# + resulted in the incorporation of BTC into a range of intracellular proteins in a calcium-dependent manner with the greatest number of proteins labelled at 1 mM Ca# + . Fractionation of proteins by SDS\PAGE, followed by Western blotting, indicated that cross-linking resulted in the accumulation of BTC-containing polymers at the stacking\resolving gel interface, and also in extremely large polymers that could not enter the stacking gel (Figure 1) . Incorporation was seen into proteins of all molecular masses, with dense labelling of two proteins around 50 kDa and 55 kDa. Two smaller bands below 25 kDa were also heavily labelled. These effects were independent of apoptosis as measured by DNA fragmentation using TUNEL, which indicated only 12. 
Visualization of SDS-insoluble shells
Following electropermeabilization of wild-type ECV 304 cells and incubation with 1 mM Ca# + for 60 min, cells were solubilized in SDS-containing buffer and the remaining insoluble residue was visualized by phase-contrast microscopy. The shell-like insoluble residue appeared as fibrous phase-dark structures with an apparent vestigial nuclear structure (Figure 2a) . Examination using scanning electron microscopy revealed greater detail of a roughly cell-sized structure with a rough surface (Figure 2b ). Several SDS-insoluble shells were seen to be cross-linked together. Examination of these structures after staining with propidium iodide and visualization with a UV\fluorescence microscope revealed that DNA was trapped within the shell structure, although staining was more diffuse than that seen with a suspension of normal cells (Figure 2c ). These shell structures cross-reacted with antibodies to several intracellular proteins, including vinculin, tubulin and actin, but not fibronectin (results not shown), indicating the intracellular nature of the proteins making up the shell. The SDS-insoluble structures could not be dissolved by incubation with SDS buffer containing 25 mM DTT, thus excluding the involvement of disulphide bonds.
Calcium dependence of SDS-insoluble shell formation
SDS-insoluble shell formation was examined in wild-type ECV 304 cells at increasing concentrations (0-10 mM) of Ca# + . A concentration of 1 mM Ca# + was necessary for maximal shell formation after 60 min incubation (Figure 3) , confirming the results obtained by BTC incorporation.
SDS-insoluble shell formation is dependent on tTG expression and occurs in different cell types
SDS-insoluble shell formation in ECV 304 and Swiss 3T3 cells indicated that large-scale shell formation took place only in cells containing high intracellular levels of tTG. This was demonstrated using the wild-type ECV 304 cells, which constitutively express high levels of tTG, and the cell line B7 in which tTG has been silenced following transfection with a 1.1 kb antisense construct [13] . The cells transfected with the antisense construct contain approx. 25 % of the tTG activity of the wild-type cells (Figure 4a , ii) [13] , which is clearly reflected in the difference in the numbers of shells formed by these different cells (Figure 4a , i). Similarly, using Swiss 3T3 cells transfected with tTG under the control of the tet regulatory system [14] , shell formation is much more apparent in the cells induced (ktet) to express tTG. Very little shell formation is seen in the non-induced control cells (jtet) (Figure 4b , i), thus reflecting their lower endogenous tTG activity which is approx. 10-15 % of the induced (ktet) cells (Figure 4b , ii) [14] . The maximum number of shells were formed following 60 min incubation, with equivalent numbers formed in both cell types expressing high levels of tTG.
SDS-insoluble shell formation is independent from proteases and the presence of nucleotides
Formation of SDS-insoluble shells could be significantly inhibited by the inclusion of the competitive primary amine substrate cystamine but was not significantly affected by a range of different protease inhibitors or by the caspase 3 inhibitor N-benzyloxycarbonyl-Asp-Glu-Val-Asp fluoromethyl ketone. Similarly, the presence of ATP and GTP in the physiological ranges of 0.5-5 µM for ATP and 10-100 µM for GTP did not affect shell formation (Table 1) .
Degree of cross-linking of the SDS-insoluble shells
SDS-insoluble shells were demonstrated to contain high levels of ε(γ-glutamyl)lysine dipeptide following exhaustive proteolysis (Table 2) , thus confirming their formation by a TG-mediated mechanism. The cross-link was detected in a cell-concentrationand Ca# + -dependent manner. The formation of SDS-insoluble shells was accompanied by a reduction in the concentration of free DNA in the lysis solution following electropermeabilization ( Table 3 ), confirming that some DNA was trapped inside the SDS-insoluble shells following their isolation.
Table 2 ε(γ-Glutamyl)lysine content of SDS-insoluble shells
SDS-insoluble shells were generated from ECV304 cells as described in the Materials and methods section by incubation of electropermeabilized cells in potassium glutamate buffer containing 1 mM Ca 2 + for 60 min. The shells were subsequently resuspended in distilled water, quantified and then analysed for ε(γ-glutamyl)lysine content as described in the Materials and methods section. Results shown are for three experiments, each performed in triplicate, apart from that involving 5i10 6 shells, which was performed once. In the last row, 3 nmol of standard dipeptide was taken through the digestion and analysis procedure as a measure of recovery.
10 − 6 iInitial number of shells ε(γ-Glutamyl)lysine (nmol) 
Pattern of tTG-mediated cross-linking using fluorescein-cadaverine incorporation into electropermeabilized wild-type ECV 304 cells
Monitoring the incorporation of fluorescein-cadaverine into cell proteins by confocal microscopy as a means of visualizing in situ tTG activity following loss of Ca# + homoeostasis indicated that, like shell formation (Figure 3) , the cross-linking was Ca# + -dependent, with little incorporation taking place at 10 nM and 10 µM Ca# + , but with visual incorporation at 100 µM Ca# + (results not shown). The incorporation increased further when the Ca# + was raised to 2 mM. This incorporation was rapid with approx. 85 % of the cells showing maximum labelling after 20 min in the presence of 2 mM Ca# + ( Figure 5B ). The subcellular pattern of incorporation when using a Ca# + concentration of 2 mM indicated both perinuclear and nuclear protein cross-linking, with particular hot-spots of fluoresceincadaverine incorporation found in the nucleus ( Figure 5A ).
Mechanical wounding of cell monolayers
A single scratch undertaken on adherent cell monolayers of wildtype ECV 304 cells or transfected Swiss 3T3 cells induced for the expression of tTG, in the presence of biotin or fluoresceinlabelled cadaverine, was used as a means of determining whether TG-mediated intracellular protein cross-linking occurred when loss of Ca# + homoeostasis was introduced by mechanical wound-Effects of tissue transglutaminase during necrosis ing. Using BTC incorporation as a monitor of in situ TG activity, the wild-type ECV 304 cells demonstrated rapid intracellular cross-linking activity following wounding ( Figure 6A ), an activity that was almost completely neutralized by the addition of the competitive primary amine substrate putrescine when used at 5 mM ( Figure 6A, iii) . Cells that showed evidence of intracellular cross-linking remained adherent and appeared to maintain their fibroblast-like morphology. Using streptavidin-FITC to reveal BTC incorporation ( Figure 6B , i, and Figure 6B , ii) indicated that, as previously observed in electropermeabilized ECV 304 cells ( Figure 5A and Figure 5B) , incorporation of the labelled amine was found in both the cytoplasm and the nucleus. Maximum labelling was achieved after approx. 20 min postwounding. When transfected Swiss 3T3 cells that were induced to express tTG were wounded in the same manner, labelled amine (fluorescein-cadaverine) was also found incorporated into the nucleus and the cytoplasmic proteins of these cells ( Figure 6C , i, and Figure 6C , ii). As with ECV 304 cells, labelled amine incorporation was maximal, around 20 min post-wounding. However, unlike ECV 304 cells, labelled primary amine was also found incorporated into the extracellular matrix of the transfected Swiss 3T3 cells. The intracellular and extracellular cross-linking observed was dependent on the overexpression of tTG in the transfected Swiss 3T3 cells, since very little incorporation was observed in the non-induced transfected cells (results not shown), indicating it to be tTG-mediated. In both the ECV 304 and the Swiss 3T3 cells, DNA fragmentation could not be detected when using TUNEL staining at 20 and 60 min. postwounding (results not shown), suggesting that at periods up to 60 min after wounding, the increase in tTG activity observed is not accompanied by classical apoptosis.
DISCUSSION
There is an increasing number of reports to indicate that tTGmediated cross-linking of intracellular proteins is not essential to the apoptotic process [2, 19] . Perhaps the most convincing of these is the finding that tTG −/− knockout mice do not display a morphological phenotype associated with perturbed apoptosis [20] . However, it still cannot be ruled out that other TG enzymes [1] are compensating in these animals. Despite these findings, there is still widespread evidence to indicate that up-regulation of tTG often occurs in cells that are more prone to or destined to undergo programmed cell death [21] . Therefore, the question arises as to what role tTG has in cell death in addition to its proposed role in the final stages of apoptosis?
In the present paper, we have tried to address this question by using two different models of cell death induced by loss of Ca# + homoeostasis, resulting in activation of the Ca# + -dependent tTG in the wounded cell when present at different levels of expression. We have used two different cell systems in which tTG expression levels were modulated by cell transfection. In the first, we have used the wild-type ECV 304 endothelial-like bladder carcinoma cell line, which has high constitutive levels of tTG, and the same cell line in which tTG levels have been silenced by transfection with a 1.1 kb antisense construct (B7) [13] . The second cell system makes use of Swiss 3T3 fibroblasts which have been transfected with the human tTG cDNA (clone TG3) such that expression of the enzyme can be increased by the tet regulatory promoter system [14] . Both of these transfected cell lines have been well characterized previously [13, 14] .
We demonstrate that loss of Ca# + homoeostasis in both cell systems when using electropermeabilization results in the formation of highly cross-linked shells that are detergent-insoluble and are unable to be dissolved in high concentrations of the reducing agent DTT. These insoluble structures appear to be entirely dependent on the expression of tTG in both cell systems, thus underlying the importance of tTG and not other TGs [1] , which these cells may contain, in the formation of these structures. Maximum shell formation took place regardless of the presence of ATP or GTP, which are known regulators of enzyme activity [15] , at 1 mM Ca# + , although nearly half of the cells showed shell formation at 100 µM Ca# + . Moreover, the process was relatively rapid, with the majority of shells formed at 20 min and was maximal at 60 min. We have shown previously that tTGmediated cross-linking of intracellular proteins is independent of bcl # control [22] . In the present paper, we demonstrate its independence from the Ca# + -activated protease calpain, from other cellular proteases and from caspase 3. Hence, massive intracellular cross-linking of proteins by tTG following loss of Ca# + homoeostasis appears to be independent of the classical protease-dependent apoptotic pathway.
Using labelled cadaverine incorporation in situ as a means of characterizing cross-linked proteins indicated that a vast array of proteins was present in the shells when analysed by Western blotting, indicating the promiscuity of the enzyme following activation by Ca# + . Importantly, these proteins seemed to be intracellular in nature, with no fibronectin found in the structures. Using immunofluorescence to localize in situ cross-linking activity confirmed the Ca# + -and time-dependency observed when measuring insoluble shell numbers. In addition, it showed that proteins both in the cytoplasm (perinuclear) and within the nucleus are targets for tTG-mediated cross-linking.
It is well established that histones [23] are substrates for the tTG, and in some cell types, such as neuroblastoma cells [24] , the levels of tTG within the nucleus can be as high as 6 % of the total TG enzyme. However, in both Swiss 3T3 and ECV 304 cells, tTG is not normally found (by immunohistochemistry) [13, 14] in the nucleus in high concentrations, although it cannot be ruled out that the epitopes for the enzyme are excluded by associated nuclear proteins. Clearly, measurement of in situ activity following loss of Ca# + homoeostasis confirms the presence of the TG activity in the nuclear compartment, which is not evident in the cells expressing low levels of the tTG protein. This finding is in agreement with the increased presence of tTG protein and activity in the nucleus of induced transfected Swiss 3T3 cells following their incubation with the Ca# + ionophore ionomycin [14] .
The cross-linking of nuclear proteins such as histones, nuclear structural proteins and possibly even DNA-fragmenting enzymes [25] may explain the limited DNA fragmentation observed within the 20-60 min time frame following cell wounding. The trapping of DNA within the cross-linked shells would prevent its release, thus modulating the inflammatory response and preventing necrosis in an alternative manner to that of apoptosis.
Results comparable with that observed with cell wounding by electropermeabilization were seen when loss of Ca# + homoeostasis was invoked by the mechanical wounding of an adherent cell monolayer. Using labelled cadaverine as a means of following tTG activity suggested that massive intracellular cross-linking was apparent after a 20 min period, which is in agreement with the data obtained from electropermeabilization studies. As with electropermeabilization, cross-linking was found both in the nucleus and in the cell cytoplasm. Intracellular cross-linking by tTG also appeared to maintain the cell morphology of the dying cells which remained adherent. Using TUNEL staining of the nucleus as a means of detecting DNA fragmentation indicated negligible staining after a 20 and 60 min period, thus confirming the data observed with cell wounding using electropermeabilization. In Swiss 3T3 fibroblasts, cells that are known to lay down an abundant extracellular matrix [26] , incorporation of labelled cadaverine, was also clearly apparent in the extracellular matrix (ECM). This incorporation increased with time and spread up to 100-150 µm beyond the initial scratch mark. It is probable that this wave of ECM-associated activity results from leakage of the enzyme from the damaged cell, since very little ECM-associated activity was observed in the Swiss 3T3 cells, in which the enzyme was not induced. However, it cannot be ruled out that the trauma induced by the initial wound led to a wave of tTG release in cells adjacent to those initially damaged. Interestingly, wound-induced intracellular free Ca# + concentration waves have been described in a model of similarly wounded alveolar type II cells [27, 28] . Following damage to these cells, a calcium wave is initiated at the site of injury and is propagated throughout the monolayer. This Ca# + wave could result in the activation of tTG, thus co-ordinating the healing process in response to tissue damage.
The ability of TG to kill cells independently of the apoptotic process has also been shown in hypertrophic chondrocytes. However, in this case, the enzyme involved was the active A subunit of the plasma TG [29] . Nuclei of dying cells showed no DNA fragmentation typical of apoptosis when nuclei were stained by TUNEL. However, membrane integrity was lost, leading to leakage of the enzyme into the surrounding matrix.
Further physiological evidence for the association of tTG in a form of cell death that does not fit the classical apoptotic or necrotic cell death comes from animal models of experimental renal scarring. Renal scarring is characterized by a gradual loss of tubular cells [30] . During renal scarring, these cells up-regulate tTG and, in many instances, contain high levels of ε(γ-glutamyl)-lysine that are likely to be non-viable, but show no morphological signs of classical apoptosis or DNA fragmentation [8] . Moreover, increase of extracellular tTG is also found in the interstitial space of the tubular cells, which parallels increased protein crosslinking [30] .
Our results define a role of tTG in cell death induced by loss of Ca# + homoeostasis, which protects cells from necrosis in an alternative manner to that of programmed cell death. Interestingly in a recent report, up-regulation of tTG has been implicated in the increased survival of cells by utilizing its GTP-binding activity [31] .
Up-regulation of tTG expression following cell trauma and\or tissue insult is therefore likely to have a number of possible roles that could contribute to cell survival in the first instance, but, if this fails, tTG-associated cell death follows once Ca# + homoeostasis is lost, leading to rapid stabilization of cell proteins and the immediate surrounding matrix, thus maintaining tissue integrity by limiting massive necrosis and reducing the inflammatory response. The normal tissue-wide distribution of tTG in endothelial and epithelial tissues in particular, which are more exposed to insult, indicates that these cells contain high levels of the enzyme. This is possibly as a consequence of their increased susceptibility to tissue trauma, resulting from either mechanical damage or infection, thus providing a protective response in order to maintain tissue integrity in the event of widespread damage.
Interestingly, tTG expression has been shown to be raised during viral infection [32] and a number of viral proteins are known substrates of tTG [33, 34] . Activation of tTG-mediated cross-linking under these conditions might result in the prevention of the release of virions from infected cells by crosslinking of viral proteins to the intracellular network. It is notable that, in some cells, viral infection can lead to down-regulation of tTG expression, which may be one method by which invading pathogens seek to inactivate this potentially protective enzyme.
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